We have used classical molecular dynamics methods to simulate the defect production of small-cross-section GaN nanowires by Ar ion irradiation. We performed 200 random individual ion impacts in the energy range of 30 eV to 10 keV for each nanowire. We found that the defect production for all nanowires was greatly enhanced in the low ion energy range below 3 keV, while at higher energies the defect production decreased due to the increasing transmission of ions through small-cross-section nanowires. Owing to the strong surface enhancement of defect production, in the low-energy range, the defect production in the nanowires was increased by a factor of 2 compared to bulk GaN. A simple model to estimate the irradiation energy dependence of the damage production in a nanowire was developed. It is based on the Gaussian energy deposition profile, and it gives the irradiation energy of the maximum damage in a reasonable agreement with the simulation results.
I. INTRODUCTION
Semiconductor nanowires (NWs) are considered to be of great importance for future nanotechnology applications.
1 Due to the roles of dimensionality and small system size, NWs have great potential for testing and understanding fundamental concepts, such as optical, electrical, and mechanical properties. 2, 3 Potential industrial applications of nanowires range from field-effect transistors 4, 5 to biological applications. 6, 7 GaN is a compound semiconducting material attracting great interest because its band gap is relatively large, which has a significant application in optoelectronic nanodevices. 8 Recent experiments show that irradiation of nanomaterials with energetic ions or electrons induces atomic defect production 9 in the target. This effect can be used to modify the mechanical and electronic properties of the nanomaterials. It is not obvious whether irradiation of a nanowire enhances or reduces the damage compared to bulk. Thus, a fundamental understanding of defect formation under irradiation and how defects affect the material properties is of great interest. In this paper, classical molecular dynamics (MD) simulation was used to examine the irradiation-induced defect-formation process in small-diameter hexagonal GaN NWs. The density distribution of the defects was analyzed to examine the importance of surface enhancement of defect production. We further compared the defect production in GaN NWs with that in bulk GaN, which was irradiated by self-recoiling atoms, and also with defect production in Si NWs under the same Ar irradiation conditions. We found that nanoscale effects in the nanowires made it different from bulk GaN in defect production. Finally, we determined how the defects modified the mechanical properties of NWs by obtaining Young's modulus of both perfect and defective GaN NWs.
II. SIMULATION METHOD
The irradiation processes were simulated by using the classical MD method with the PARCAS code. 10 The cells of GaN NWs were created in the wurtzite crystal structure. Two different diameter sizes of NWs were used. The smaller NW had an ∼3 nm diameter with 7052 atoms, and the larger one had an ∼4 nm diameter with 12 925 atoms. Both of the NWs had lengths of ∼10 nm. The systems were relaxed from a temperature of 600 to 0 K slowly for 80 ps using the Berendsen pressure control. 11 After relaxation, both NWs had two different reconstructions on the facets and two different reconstructions on the edges. The relaxed systems are illustrated in Fig. 1 .
For modeling the Ga-N, Ga-Ga, and N-N interactions, the analytic bond-order potential 12 of the Tersoff-Brenner 13 form was used. This potential did not include long-range Coulombic interactions, but it provided a good fit to many properties 12 of different GaN structures, such as elastic moduli, melting point, and solubility. 12 One should also note that the inclusion of explicit ionic charges (so-called dynamic charge-transfer model) has been tested to have only minor effects on the defect production in irradiation simulations. 14, 15 For modeling Ar-Ga and Ar-N interactions, a purely repulsive ZBL potential 16 was used because of the dominating screened Coulombic interactions in high-energy collisions. Additionally, a repulsive ZBL pair potential was used to describe Ga-N, Ga-Ga, and N-N interactions in the high-energy part.
Periodic boundary conditions along the longitudinal axis of the NWs were used to mimic wires with infinite length. Since both NWs had two different facet and edge reconstructions, irradiation has been performed on both two facets and two edges for each NW. The recoiling Ar atom bombarded the NWs perpendicularly on the facets and edges. For each set of irradiations, 200 individual uniformly random points were chosen on two-dimensional facets and one-dimensionally along the edges. The sets of irradiation always started from the relaxed systems. To make sure each energetic ion bombarded the central point of the system, the NW was shifted along its longitudinal axis after each random point was chosen because of the boundary conditions along the length of NWs. Each impact was simulated for 50 ps. Ar ion energies of 30, 100, 300, 1000, 3000, and 10 000 eV were used for each set of simulations. Berendsen temperature control 11 was used near the periodic boundaries to dissipate heat from the impact region into other parts of the NW, and all the simulations were performed at a temperature of 0 K.
After the irradiation simulations, the defects in the last configuration of the systems were analyzed by the Voronoy- polyhedron approach. 17 Vacancies and interstitials can be found using this method. Additionally, any atom at the distance range of 1 to 3Å from the NW surfaces was considered as an adatom, and any atom at a distance farther than 3Å from the surfaces was considered as sputtered.
III. RESULTS
To illustrate the defect production process during irradiation, five snapshots of a 3-keV Ar impact on surface facet 1 of the 4-nm GaN NW are presented in Fig. 2 . Initially, the recoiling Ar atom has not hit the surface, and the structure of the wire is a perfect crystal without any atoms displaced from the lattice sites. At 0.05 ps, the Ar atom has penetrated a 1-2 nm distance from the surface into the wire, but the small collision cascades are mainly focused near the surface. At 0.15 ps, the Ar atom has penetrated half of the cross section of the wire, inducing many displacements in the top half of the wire. At 0.775 ps, the collision cascade has spread through the entire cross section of the wire. At 40 ps, the damaged regions decrease in size due to defect annealing.
Results of defect production for Ar irradiation on surface facets of each NW and for self-recoil atoms in bulk GaN are presented as a function of the ion energy in Fig. 3 . Data for the self-recoil irradiation in bulk GaN were obtained from Ref. 18 . With the ion energy increasing, the defect production in bulk GaN increases nearly linearly. In the low-energy region the defect production for Ga irradiation on bulk GaN shows a little larger values compared with N irradiation on bulk GaN, while in the high ion energy region they behave in the opposite way. However, the defect production in NWs is clearly different. With the ion energy increasing, the defect production reaches a maximum value at 3 keV for both 3-and 4-nm-diameter NWs and for all facets, approximately a factor of 2 more compared to the values of bulk GaN. The defect production of the 3-nm-diameter NWs shows more significant enhancements compared to the 4-nm-diameter NWs for both facets 1 and 2 owing to the greater surface-to-volume ratio. In the high ion energy region, the defect production for each NW decreases. This is because at high irradiation energies the transmission of ions increases, inducing fewer collisions in the NWs. Hence, the defect production of self-recoils on bulk GaN shows significantly larger values than both NWs at the higher irradiation energies.
The surface-to-volume ratio effect of defect production can be understood by the fact that the defects are predominantly created on the surfaces of the NWs, which is common for nanomaterials. Figure 4 shows the radial density distribution of defect production as measured from the center of both NWs created at the 3-keV irradiation energy. It is shown that the defect production for both NWs is concentrated at distances ∼15 and ∼20Å from the center, which are the positions of the atomic outermost layers of both NWs. The fact that the defect density is larger for the 3-nm NW can be attributed to the larger surface-to-volume ratio of the 3-nm NW compared to that of the 4-nm NW. After the irradiation simulations, the wires remained almost intact except for some damaged regions at the surfaces.
The contributions to the total defect production from different defect types are presented in Fig. 5 . It can be seen that with increasing ion energy, the defects of four different types have the same tendencies as the total defect production, reaching the maximum value at 3-keV energy. Adatoms show the least contribution, with a very small number, less than 4, while sputtered atoms show the second smallest contribution to the total defect production. Vacancies are predominant, contributing half of the total number of defects. This is obviously due to atom number conservation. 19 The results of defect productions for both the 3-and 4-nm-diameter NWs and for different facets and edges are 
FIG. 4. (Color online)
Radial density of the defects as measured perpendicularly from the NW axis. Density of vacancies and interstitials for both 3-and 4-nm-diameter NWs for facet 1, facet 2, edge 1, and edge 2, created by a 3-keV Ar ion are shown. The smallest distance from the surface to the center for the 3-nm-diameter NW is 15Å, and the smallest distance for the 4-nm-diameter NW is 20Å. presented in Fig. 6 . It is shown that whether the ion impinges on a surface or on an edge makes a great difference in defect production. Ion irradiation on facets generally shows more significant enhancements than irradiation on edges. In general, when the incident ions are irradiated through the wires, the channeling effects on the edges are stronger than on the surfaces, and consequently, the stopping power is smaller. This can be easily seen by investigating the wurtzite structure from along the directions of the facets and edges used in the simulations. Additionally, Fig. 6 demonstrates again that the 3-nm wire has a stronger enhancement in defect production than the 4-nm wire because of the surface-to-volume ratio effect.
To understand the defect production of different atom types, the numbers of Ga and N vacancies were calculated since vacancies are predominant in defect production. A comparison of Ga and N vacancies is shown in Fig. 7 for smaller NWs with facet irradiation and for bulk GaN with self-recoil atom irradiation. With increasing irradiation energy, the tendencies of Ga and N vacancies for all the cases in Fig. 7 are consistent with the total defect production shown in Fig. 3 . For bulk GaN, the numbers of both vacancy types are relatively close in the low ion energy range below 5 keV, while at high energy the number of N vacancies is slightly larger. However, for NWs, the numbers of vacancies of both Ga and N atoms do not show large differences, with similar values in the whole ion energy range.
The enhancement of irradiation-induced defect production in Si NWs was studied earlier by us. 19 A comparison of defect production of the 4-nm Si NW and GaN NW for different defect types is presented in Fig. 8(a) . For both NWs, the vacancies show predominant contributions to total defect production, while adatoms contributed the least. The numbers of different defect types have the same dependence on the increasing ion energy for both GaN and Si NWs, with a defect production enhancement within the energy range 0-3 keV, and then decrease at higher energies for all the wires. Thus, we find that the irradiation-induced defect production in the 4-nm GaN NWs is quite similar to the defect production in the 4-nm Si NW. However, the relative difference of sputtered atoms between GaN and Si NWs is comparatively large in Fig. 8(a) . The sputtered species are shown for GaN NWs in Fig. 8(b) . It is apparent that the difference is due to a large number of sputtered N atoms. The number of sputtered Ga atoms is similar to the number of sputtered Si atoms. Note that nitrogen loss from the GaN surface has been observed in high-dose irradiation studies. 20 The behavior of the damage production in nanowires, i.e., the amount of damage as a function of irradiation energy, can be explained by a simple mode that assumes that the damage distribution F (x,y,z) produced in a bulk sample by an ion with energy E ion has a double-Gaussian shape 22 [see Fig. 9 
(a)]:
F (x,y,z) = Ce
where the normalization constant C is obtained from
The amount of damage in the nanowire is obtained by integrating the bulk damage density over the nanowire volume (see Fig. 9 ): By using only depth profiles the assumption of spherically symmetric damage density (α = β) was made. The SRIM results along with the fitted Gaussian functions are shown in Fig. 10 . Figure 11 shows the comparison of the amount of damage in the nanowire calculated with the analytical model [Eq. (4)] and MD simulations. The qualitative behavior of the results of the analytical model is similar to the MD simulation: the maximum amount of damage is produced at irradiation energies around 3 keV. However, the absolute amount of damage cannot be estimated reliably from the results based on SRIM calculations because they do not include the damage annealing or the effect of the open surface to damage production threshold energies. Therefore, the curves for the analytical model in Fig. 11 are scaled to have the same area as the ones obtained from MD simulations. Nevertheless, the model could be used to determine the suitable energy range for ion irradiation of nanowires.
The sensitivity of the results of the model on the parameter values was investigated by varying the values of y 0 and α by ±20%. The effect of this is shown as the error bars of the analytical model curves in Fig. 11 . We can conclude that the result, i.e., the position of the maximum defect production, is not drastically affected by the variation.
To understand how defects influence mechanical properties of GaN NWs, Young's modulus along the axial direction was calculated from the results of elastic deformations, using atomistic simulations by LAMMPS. 24 Elastic stretching and compression simulations were done for both the perfect and defective NWs. For the case of stretching or compressing the wire, the elastic potential energy was calculated with the integral of this expression:
where A is the cross section of the wire, L 0 is the equilibrium length, and ε is the strain. A parabola was fitted to the potential energy as a function of wire length: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
The simulation results of the potential-energy dependence on the wire lengths for both perfect and defective NWs are presented in Fig. 12 . Calculations were performed for the perfect wire and ten defective 3-nm wires. Young's modulus for a perfect wire was obtained as 328 GPa and for the defective wires as 315 ± 5 GPa. Compared to Young's modulus of bulk GaN, which is 324 GPa in the [0001] direction, 25 the perfect wire's was quite near to this bulk value, while defects caused a small decrease in the Young's modulus value. Note that although the change is small, it was obtained by single ion impacts, at a fluence of about (1 ion)/(30 nm 2 ) ≈ 3 × 10 12 ions/cm 2 . Higher fluences could lead to larger softenings of the nanowire.
IV. DISCUSSION AND CONCLUSIONS
We have studied the defect production in GaN NWs under Ar ion irradiation using classical molecular dynamics simulations. The effect of the nanoscale dimensions of the irradiated object has a twofold effect on the damage production. At low energies damage production is enhanced when compared with a bulk target. With high enough energies less damage is produced in the nanowire than in the bulk.
The enhancement can be explained with surface effects. It was found that most of the defect production is concentrated near the surface of the NW. The formation energy of defects on and near the surface is known to be lower than in the bulk. 26 When the irradiation energy is so low that most of the energy of the ion is deposited to the NW, the strong surface enhancement causes the defect production of GaN NWs to become greater than bulk GaN. The defect production in the smaller-crosssection GaN nanowire shows a greater enhancement than the larger one because of the larger surface-to-volume ratio of the smaller nanowires.
When the irradiation energy is increased, the range of the ion and the extent of its energy deposition profile become comparable to the NW diameter. Increasing the energy further decreases damage production because more and more ions go through the NW, leaving less energy for damage production. Thus, there is an energy where the damage production is at its maximum. For Ar ions impinging on 3-and 4-nm GaN NWs this happens around 3 keV. For larger NWs this energy is expected to be larger.
The analytical model of damage production in the nanowires predicts the energy dependence of the damage, in reasonable agreement with the MD simulations results. One should note that the absolute value of the produced damage cannot be reliably predicted by BCA simulations because no defect annealing is included. However, the model could be used as a tool to estimate the optimal ion energy in nanowire irradiation experiments using fast BCA calculations instead of time-consuming MD simulations.
Compared to a Si NW under the same irradiation, the defect production of both GaN and Si materials was quite similar, and in both of them a strong surface enhancement was observed. There was, however, a pronounced difference in the amount of sputtering. This is explained by the large number of sputtered N atoms in the case GaN. Finally, defects in the GaN NW caused a small decrease in the Young's modulus of the wire. In summary, our simulations show that the defect productions in semiconductor NWs is strongly affected by small dimension and can be larger or smaller than that in the bulk targets.
ACKNOWLEDGMENTS
The sponsorship of the Academy of Finland through research project COMOMEN (Project No. 139204) is acknowledged. Grants of computer time from the Center for Scientific Computing in Espoo, Finland, are gratefully acknowledged.
APPENDIX: CALCULATION OF YOUNG'S MODULUS
Young's modulus Y is obtained from potential energy as a function of strain ε,
as
where A is the cross section of the nanowire and L 0 is the equilibrium length. From simulations, the potential energy as a function of nanowire length L is obtained as
where 
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The equilibrium length L 0 is obtained as
Finally, using Eqs. (A5) and (A6), we get Young's modulus in terms of the coefficients of Eq. (A3):
